Abstract: Combinatorial deposition, comprising filtered cathodic vacuum arc (FCVA) and physical vapor deposition (PVD) magnetron sputtering is employed to deposit molybdenum disulphide (MoS 2 ) and titanium (Ti) thin films onto TiB 2 -coated tool inserts specifically designed for the dry machining of aluminium alloys. Titanium is deposited by FCVA while MoS 2 is magnetron sputtered. The deposition set up allows several compositions of Ti-MoS 2 to be deposited simultaneously, with Ti content ranging between 5 and 96 at. %, and their machining performances to be evaluated. Milling took place using a CNC Vertical Machining Center at a 877 mm/min feed rate. The effect of different coating compositional ratios on the degree of aluminium sticking when a milling insert is used to face mill an Al alloy (SAE 6061) was investigated using a combination of energy-dispersive X-ray spectroscopy (EDX) and X-ray photoelectron spectroscopy (XPS) analysis. XPS studies suggest that the greater degree of Al sticking on the rake face of the inserts is due to the formation of greater amounts of non-protective Ti-O phases. EDX mapping of the milling inserts after machining reveal that a Ti:MoS 2 ratio of around 0.39 prevents Al from sticking to the tool edges. Since we prevent Al from sticking to the tool surface, the resultant machined surface finish is improved thus validating the machining performance of TiB 2 -coated tools using optimum compositions of Ti:MoS 2 thin film coatings.
Introduction
Liquid lubricants have been employed as sources of lubrication in machining applications for many years [1] [2] [3] . Their main purpose is to reduce the frictional heat of the tool and suppress contact pressure [4] . Lubricants also help to remove cutting chips from the cutting area as well as removing heat during machining [5] . However, the drawbacks with lubricants are the high costs associated with their purchase as well as the costs of refrigeration and recycling [6] . Refrigeration costs can be almost four times their purchasing costs since most lubricants are not bio-degradable [7] . Hence, of importance in modern cutting applications is the search for alternatives which either minimize or avoid the production of environmentally aggressive liquid residues [8] . Dry machining is emerging as a "greener" alternative, eliminating the need for any liquid-based lubricants [9] . Although considered environmentally friendly, its main drawback is the significant impact it has on tool lifetimes due to the lack of fluid to lubricate the tool-chip area and remove heat from the cutting region [10] . Furthermore, dry machining is a serious challenge for lightweight alloys such as aluminium which during machining exhibit a high degree of plasticity [11] . The higher temperatures during machining facilitates aluminium adhesion to the cutting tool forming a built-up edge (BUE) [12] . When the machined material adheres to the cutting edge of the tool, it changes the geometry of the cutting edge which increases the cutting forces at the tool interface [13] . The size of the BUE increases until some critical size after which it becomes unstable, with the resulting fractured particles being carried into both the chip and new workpiece surface [14] . A the result the machined part surface is rough and tool lifetime is reduced [7, 13] .
Existing cutting tools in dry machining applications are coated to increase their hardness, prevent the tool material from being exposed and reduce friction coefficients [5, 7] . A commonly employed solid lubricant coating is molybdenum disulfide (MoS 2 ), which significantly improves the tribological properties of cutting tools [15] , and is also typically employed in many other applications such as precision bearings, release mechanisms and space applications [16] due to its inherent low friction attributes. The characteristics of MoS 2 arise from its layered anisotropic crystal structure [17] where weak bonding between the slip planes allows atoms to slip one over another, producing the low friction coefficients observed. However, the friction coefficients degrade over time in the presence of water and oxygen due to the formation of MoO 3 [18] , due to the oxidation and blistering of the topmost layers. Blistering can be prevented by co-depositing MoS 2 with a metal [19] , which affects not only friction coefficients but lead to higher hardness values and lower wear resistance, not only in the presence of oxygen, but also in high humidity [18] . However the hardness, wear resistance and the lifetime of a coating in a humid environment has yet to be resolved [20] .
Currently, cemented carbide mill inserts coated with TiB 2 offer the possibility of dry machining a large variety of structural metallic alloys. TiB 2 has a high hardness (~30 GPa) and excellent wear characteristics, but its brittleness and adhesion to the workpiece can sometimes prevent tool longevity [21] . In this study, hardness and the low friction coefficient of thin films of Ti and MoS 2 was studied by the deposition of a thin (200 nm) Ti:MoS 2 lubricant coating layer on TiB 2 precoated cemented carbides. A combinatorial deposition method comprising a filter cathodic arc deposition of titanium and sputtered deposition of MoS 2 was used. The use of a combinatorial deposition method offers manufacturing flexibility, increasing the speed of sample production under the same process conditions by ensuring that only the influence of the chemical composition is investigated [22, 23] . Thus, the specific objectives of this study are to ascertain the degree of combinatorial control offered by FCVA and sputtering, optimising the metal-solid lubricant ratio, in an attempt to prevent aluminum sticking to the tool rake of a mill insert used to dry-machine a SAE 6061 Al alloy. The full cutting tool life evaluation is outside the scope of this article.
Materials and Methods

Deposition Parameters
The tungsten carbide mill inserts were as-received with 2 µm of titanium diboride (TiB 2 ) (Figure 1 ) which were DC magnetron sputtered using TiB 2 ceramic tiles on a copper back plate. Ti-MoS 2 coatings were deposited by combining magnetron sputtering (MS) with filtered cathodic vacuum arc (FCVA) techniques. Prior to deposition, the tool inserts were ultrasonically cleaned in an acetone bath for 15 min and then rinsed in isopropyl alcohol. The system base pressure was below 0.25 × 10 -3 Pa prior to coating, while the system process pressure was set at 1.6 Pa. Substrates were grounded during the deposition. A range of compositions were deposited by placing a sample holder equidistant to both the Ti (FCVA) and MoS 2 (MS) sources. Substrates closer to the MoS 2 source should produce coatings with a higher MoS 2 content contrary to those placed close to the Ti source which should have higher Ti content. Figure 2 presents a schematic of the system. Ti was deposited by FCVA using a conical shaped cathode (67 mm × 50 mm × 50 mm), with the arc current set to 65 A. To prevent macro particles in the coatings the plasma was filtered using a linear filter as shown in Figure 2 . The filtering coil current was set to a maximum current of 10 A. MoS 2 was sputtered from a 3-inch diameter target. Coatings were produced by simultaneously operating both the Ti and MoS 2 sources. Simultaneous deposition on silicon allowed for step and roughness measurements of the mixed coating surfaces. Ion current measurements at the sample surface were made by connecting wires at each sample position a-e which will allow a better understanding of the influence the ion characteristics have on coating properties. Measurements at each position were collected simultaneously for 60 s, using laboratory potentiostat connected to a computer sampling at 5 Hz.
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Tribological Tests
To allow thickness measurements, a small portion of the silicon sample was covered before deposition. The difference in step between the coated and uncoated portion of the silicon was measured by a Dektak ® stylus profilometer (Veeco, Cambridge, UK). The same device allowed roughness measurements to be made. Tribological tests were conducted using a ST-3001 Tribo Tester (Teer Coatings Limited, Droitwich, UK). In this test an indenter is drawn over a specimen surface with a linearly increasing load until well-defined failure occurs at critical load Lc [25] . Normal force (Fz) and tangential force (Fx) are recorded. The coefficient of friction was measured using a fixed chrome steel 5 mm-diameter ball, applying an increasing progressive load from 5 to 100 N, at a loading rate of 50 N/min and linear velocity equal to 5 mm/min. To simulate tool wear during the Al alloy machining additional tribological test were conducted using the same parameters but with Al ball.
Aluminium Milling Performance and Characterisation Tests
Face milling experiments were conducted using an Okuma Cadet Mate CNC vertical machining centre. The coated inserts were assembled on a face milling cutter with Ø 75 mm and five-flutes. The coated mill inserts were used to cut an Al alloy, SAE6061 material. The machining volume was 104,400 mm 3 . The detailed cutting conditions are presented Table 1 . These cutting parameters were selected according to parameters that are widely used in industry of automotive components manufacturing, such as cylinder head and engine block for semi finishing operations. Semi finish operations during cutting process reflects extreme frictions conditions for cutting tools. Coatings 2017, 7, 149 position a-e which will allow a better understanding of the influence the ion characteristics have on coating properties. Measurements at each position were collected simultaneously for 60 s, using laboratory potentiostat connected to a computer sampling at 5 Hz. 
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To allow thickness measurements, a small portion of the silicon sample was covered before deposition. The difference in step between the coated and uncoated portion of the silicon was measured by a Dektak ® stylus profilometer (Veeco, Cambridge, UK). The same device allowed roughness measurements to be made. Tribological tests were conducted using a ST-3001 Tribo Tester (Teer Coatings Limited, Droitwich, UK). In this test an indenter is drawn over a specimen surface with a linearly increasing load until well-defined failure occurs at critical load L c [25] . Normal force (F z ) and tangential force (F x ) are recorded. The coefficient of friction was measured using a fixed chrome steel 5 mm-diameter ball, applying an increasing progressive load from 5 to 100 N, at a loading rate of 50 N/min and linear velocity equal to 5 mm/min. To simulate tool wear during the Al alloy machining additional tribological test were conducted using the same parameters but with Al ball.
Aluminium Milling Performance and Characterisation Tests
Face milling experiments were conducted using an Okuma Cadet Mate CNC vertical machining centre. The coated inserts were assembled on a face milling cutter with Ø 75 mm and five-flutes. The coated mill inserts were used to cut an Al alloy, SAE6061 material. The machining volume was 104,400 mm 3 . The detailed cutting conditions are presented Table 1 . These cutting parameters were selected according to parameters that are widely used in industry of automotive components manufacturing, such as cylinder head and engine block for semi finishing operations. Semi finish operations during cutting process reflects extreme frictions conditions for cutting tools. The surface of the worn inserts and the scratches formed during the tribological tests were examined by scanning electron microscopy (SEM) in secondary electron mode operating at 20.0 kV. Coating composition and element mapping images were determined by using energy-dispersive X-ray spectroscopy (EDX). X-ray photoelectron spectroscopy (XPS) measurements were employed to evaluate the chemical bonding in the coatings.
The structure and any phase transformation at the cutting tool/workpiece interface, along with the chemical composition of the tribo-films, were studied by X-ray photoelectron spectroscopy (XPS) equipped with a hemispherical energy analyzer, an Al anode source for X-ray generation and a quartz crystal monochromator for focusing the generated X-rays. A monochromatic Al Kα X-ray (1486.7 eV) source was operated at 50 W-15 kV. The system base pressure was no higher than 1.0 × 10 -9 Torr with an operating pressure that did not exceed 2.0 × 10 -8 Torr. Before collecting any spectra, the samples were sputter-cleaned for 4 min using a 4 kV Ar + beam. A pass energy of 280 eV was used to obtain all survey spectra while a pass energy of 69 eV was used to collect all high-resolution data. All spectra were obtained at a 45 • take off angle and a dual beam charge compensation system employed to ensure neutralization of all samples. The instrument was calibrated using a freshly cleaned Ag reference foil, where the Ag 3d 5/2 peak was set to 368 eV. All data analysis was performed by computer software.
Results and Discussion
Combinatorial Effects
Ion Current Measurement
The combinatorial deposition method allows the rapid development of a range of coatings with different chemical compositions [26] . The plasma glow discharge during magnetron sputtering produces material sputtered from the surface of the target (mainly focused around the circular magnetron track) [27] , in contrast to the FCVA process where the plasma is focused over a much smaller area typically referred to as cathode spots [28] . FCVA studies propose that in the absence of a magnetic field, the FCVA plasma exhibits a quadratic drop in density of particles from the spot centre [29, 30] . Hence, the combination of a plasma from these two sources produces Ar + ions, metal Mo and S atom and FCVA Ti + ions colliding in complex elastic collisions in a variety of intensities depending on the distance from the source. In the case neutral-electron collision the energy transferred to the neutral from electron is very small [31] . However, if the frequency of the collisions is large then collective effect of all these collisions might be significant. On the other hand neutral-ion collisions results in charge-exchange producing fast neutral and slow ion [31] . For the large number of collisions the neutral density in the plasma centre can be depleted significantly [31] . In order to gather some insight, the variations in ion current from the physical vapor deposition (PVD) and FCVA sources were collected during deposition (Figure 3a) . The current was averaged for each sample position and measured for 60 s at each individual source and with both sources started. There was little or no variation in the measured ion current when only the PVD MS source was in operation. This is due to the stability of the glow discharge typical for MS producing species with similar energies generated [32] . On the contrary, arc discharge plasmas produce ions more dynamically over the entire surface of the cathode. This produces ions with variable charge states: Ti 1+ , Ti 2+ , Ti 3+ , Ti 4+ and its distribution [33] . E. M. Oks. et al. [33] found that for their arc ion source the distribution of the ion states was: 5% Ti 1+ , 35% Ti 2+ , 54% Ti 3+ and 6% Ti 4+ . That is reflected in the greater differences in the ion currents measured in this experiment. As expected, the currents generated from the FCVA ions are greater than the ions from PVD sputtering [28] . For MoS 2 the highest average current can be found at sample position labelled b, falling gradually with increasing distance from the MoS 2 target. However, when only the FVCA source is operational, for Ti, the highest currents were found on the sample positions a, b, and e, which indicates the tendency of the ionised plasma to expand towards the chamber walls once it is away from the linear magnetic filter [30] . Other factors influencing the spread of the plasma plume generated by FCVA include pressure gradients, shape and the size of the anode, the concentration of neutrals and external magnetic flux present in the chamber [28, 34] . As the magnetron includes permanent magnets the magnetic field from them might have affected plasma expansion and ion charge [33] . In case of combinatorial deposition FCVA was found to dominate the deposition rate as the Ti-MoS 2 graph shape matches the shape of the Ti graph (Figure 3a) . However, it is worth noting that the average current for samples a and b located the closest to the MoS 2 source drops when both sources are running. Interactions between neutrals and ions in this region near the MS source could result in high intensity collisions between the Ar + and Ti ions and neutrals resulting in some of the ionized Ti ions losing their energy due to charge-exchange with neutrals in the region near samples a and b when the MS source is running. After collision the fast neutrals are able to escape from the plasma centre [31] . This would also explain the increase in ion currents in samples d and e.
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Chemical Composition
Research studies show that the greatest tribological properties have MoS x compositions at S to Mo ratio of around 2 [35] [36] [37] [38] as the chemical composition of thin films of MoS 2 are significantly affected by the substrate bias voltage and working pressure during deposition [39] , which in turn affects the tribological and oxidation characteristics [35] . Oxygen atoms are smaller than sulphur atoms, therefore, they can easily substitute in any sites deficient in sulphur forming Mo-O-S, leading to degradation of tribological properties of MoS 2 films in air [36] . The co-deposition with Ti prevents MoS 2 degradation as Ti goes into interstitial or substitutional sites in MoS 2 and act as barrier for oxygen diffusion, thereby stabilising MoS 2 [38] . The chemical composition as a function of the sample position of the as-deposited coatings is shown in Figure 3b . Given the 200 nm thickness of these films, the EDX-SEM technique was used to quantify the Ti and MoS 2 contents in the samples. Figure 3b shows that the Ti content in the coatings increases relative to the position with the cathodic arc source. In fact, the measured chemical compositional variations follow the changes in measured ion currents. For samples at positions a and b, are dominated by the plasma from the MoS 2 source, while the samples at positions c, d and e have higher Ti contents. Moreover, samples at positions d and e seem to be more influenced by the short distance to the source (similar composition~96 at. % Ti) than the samples positioned at both a and b. Position c, being equidistant from both MoS 2 and Ti sources, the Ti content in this sample is 3 times, greater than the Mo content. This is attributed to the greater deposition rate of the cathodic arc source compared to magnetron sputtering [40] . Figure 3c shows the thickness and roughness values for all the samples deposited. The lowest thickness value (135 nm) was measured for the sample c positioned equidistant to the MS and FVCA sources, which was also the sample with the lowest measured ion current. There are also notable differences in the thicknesses between samples d and e despite having similar compositions. This difference is likely due to the proximity of position e to the FCVA source, since the plasma density is greater in the vicinity of the front of the cathode. In fact, the ion current profile across the holder follows to great extent the measured profile thickness. During deposition, besides the charged ionized plasma from the FCVA source, macroparticles of molten cathode material created at the cathode surface [28] could pass through the linear filter and adhere to the substrate, and in some cases could decrease the density and adhesion which is undesired as it decreases the lifetime of the coating [41] . Figure 3c shows that the Ra increases with increased proximity to the Ti target. The maximum roughness of 178 nm was found for sample e, which is furthest from the MoS 2 target, and has an R a that is almost 5 times greater than sample a. This shows a direct correlation between the deposition technique and the roughness values of the deposited sample. Figure 4 shows the ball-on-flat frictional tests for the 5 deposited samples as a function of increasing load. For loads above 50 N, a coefficient of friction (CoF) ranging from 0.07 to 0.15 was obtained. The measured values are similar to other studies for MoST coatings [42] . For hybrid MoS 2 /Ti coatings deposited using combined dc sputtered by high power impulse magnetron sputtering (HiPIMS) methods the reported CoF values between 0.05 and 0.23 depending on Ti content [43] . In the present study, the lowest CoF (equal to 0.07) was obtained for the sample at position b having a Ti content of around 28 at. %, in good accordance with other reported values on samples with comparable chemical composition [35] . In fact, it is worth noting that the CoF for this composition also had only little variation during ball on flat test independently of the load. The low CoF for this particular chemical composition has been related to the formation of thin MoS 2 lamellas with good adhesion to the hard titanium phase present in these coatings [38] . In this line, other research studies [37, 38] concluded that the Ti to MoS 2 ratio has to be optimised for certain applications, as too high Ti content may lower the tribological properties due to segregation of metallic titanium [37] , while too low Ti content will also result in degradation of tribological properties over time due to oxidation of MoS 2 [35] . Optical microscope studies ( Figure 5 ) of the scratches support these findings. Coatings with high (98 at. %) Ti contents (samples d and e), did not provide sufficient lubricating properties, therefore, material transferred from the ball can be observed. The wear track on sample a reveals coating failure at the start of the scratch occurs due to high MoS 2 content which is soft, and therefore fails easily under load [35] . In contrast, on the coating on sample b only little delamination can be observed for loads above 80 N, confirming the scratch test results observed in Figure 4 and proves this chemical composition of the coating can successfully prevent aluminium sticking to the tool during Al alloy machining.
Thickness and Roughness
Frictional Properties
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Machining Results
Cutting tests were performed under the conditions specified in Table 1 . Total length of cut was 1800 mm. The tools showed no flank wear. After that test was continued up to length of cut of 3600 mm and still no visible flank wear of the tool was observed during optical microscope studies. Tests conducted by scratch test using fixed chrome steel ball with 5 mm diameter ball sliding against a coated sample. Progressive load 5-100 N applied with 50 N/mm loading rate.
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EDX Element Mapping
EDX mapping was conducted to ascertain an optimum Ti-MoS 2 ratio which prevented Al sticking to the rake face after dry-machining an Al alloy. The bright areas in Figure 6 correspond to Al adhesion sticking to the tool rake face. No signs of Al are observed on sample b. Sample a, having 5 at. % Ti and sample c 76 at. %, has no aluminium adhering to the tool edge, however, a thin layer of aluminium can be observed on the rake face. It suggests that the composition of sample b is the optimum to prevent Al sticking to the tool rake face as it keeps the best balance between low CoF of the MoS 2 and oxidation protection of provided by Ti which could act as barriers for oxygen diffusion [38] . As there is no material adhered to the sample b the surface finish of the machined part as well as tool lifetime would be improved comparing with other samples where BUE is present [13, 14] . The worst performance was indicated by samples d and e both having almost the same composition-around 96 at. % Ti. Bulk Ti does not have lubricating properties therefore coatings on sample d and e could not provide any sufficient protection against aluminium sticking [35] .
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Similar results were obtained after the length of cut of 3600 mm (double length of cut). This indicates good tool life of the coated tool. The only difference observed between different coatings was the intensity of rake wear due to build up edge formation. 
XPS Analysis
Samples b and c were chosen for XPS analysis as having the most contrasting chemical composition, to investigate chemical bonding of tribofilms and how it impacts on the degree of sticking of the workpiece material to the rake surface. An analysis of the phases formed during the running-in stage can be used to determine the differences in performances (protection against aluminium sticking) of the samples b and c. The B 1s, Ti 2p and Mo 3d peaks associated with B, Ti and Mo were fitted using a Gaussian-Lorentzian function as shown in Figure 6 . To allow a direct comparison between the results, the percentage atomic concentrations have been calculated by representing the ratio of the intensity to the total intensity of the electrons of the measurement. Figure 7e ,f shows that the amount of MoO2 is greater in sample c compared with sample b. Mo-O2 is highly undesired as it decreases lubricating properties due to volume mismatch between MoO3 and MoS2, which leads to disintegration of MoS2 blisters [18] . However, in Figure 7a ,b higher amounts (8.2%) of B2O3 can be observed in sample b. B2O3 is known as a solid-lubricant, having similar lamellar structure to the graphite and MoS2 [44, 45] , which is the reason why it is believed this particular composition offered the best performance in terms of preventing Al sticking to the rake face. Ti2O3 has doublet binding energy at 457.2 and 462.2 in sample b. As can be seen in Figure 7c ,d, sample c has greater degree of TiO bonding compared to sample b and therefore, forms a greater TiO tribo-oxide layer which is believed to be the main reason of poorer wear resistance in Ti-based alloys. Similar results were obtained after the length of cut of 3600 mm (double length of cut). This indicates good tool life of the coated tool. The only difference observed between different coatings was the intensity of rake wear due to build up edge formation.
Samples b and c were chosen for XPS analysis as having the most contrasting chemical composition, to investigate chemical bonding of tribofilms and how it impacts on the degree of sticking of the workpiece material to the rake surface. An analysis of the phases formed during the running-in stage can be used to determine the differences in performances (protection against aluminium sticking) of the samples b and c. The B 1s, Ti 2p and Mo 3d peaks associated with B, Ti and Mo were fitted using a Gaussian-Lorentzian function as shown in Figure 6 . To allow a direct comparison between the results, the percentage atomic concentrations have been calculated by representing the ratio of the intensity to the total intensity of the electrons of the measurement. Figure 7e ,f shows that the amount of MoO 2 is greater in sample c compared with sample b. Mo-O 2 is highly undesired as it decreases lubricating properties due to volume mismatch between MoO 3 and MoS 2 , which leads to disintegration of MoS 2 blisters [18] . However, in Figure 7a ,b higher amounts (8.2%) of B 2 O 3 can be observed in sample b. B 2 O 3 is known as a solid-lubricant, having similar lamellar structure to the graphite and MoS 2 [44, 45] , which is the reason why it is believed this particular composition offered the best performance in terms of preventing Al sticking to the rake face. Ti 2 O 3 has doublet binding energy at 457.2 and 462.2 in sample b. As can be seen in Figure 7c ,d, sample c has greater degree of TiO bonding compared to sample b and therefore, forms a greater TiO tribo-oxide layer which is believed to be the main reason of poorer wear resistance in Ti-based alloys. It is considered that this tribo-oxide is not adherent to the substrate, is also brittle and tends to be fragmented, and therefore does not have any protective role during machining [46, 47] . Although, at temperatures above 600 • C tribo-oxides can play a protective role [46] , since machining in this study was performed at temparatures below 300 • C, it is most probably the formation of greater amounts of Ti-O tribo-phase in sample c causes a poor wear performance (more intensive sticking of Al on the rake face) than found in sample b.
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Ball-on-Flat Frictional Test
To support the results from the milling tests a series of ball-on-flat frictional tests were performed on all samples using Al balls. The degree of Al transferred to the insert was determined using optical microscope. The slightly lighter areas in Figure 8 correspond to a transfer layer of Al within the wear track. Comparing to other samples large amount of Al transferred to the insert can be found on sample a for a lower loads (<50 N). This can be attributed to a high content of soft MoS2 in this coating, as a consequence the coating debris accumulating in front of the ball becomes entrapped and serves as a self-lubricating layer at higher loads. There was little or no Al transferred observed for sample b over the entire range of loads, and the Al transferred from the ball is present in the form of small 
To support the results from the milling tests a series of ball-on-flat frictional tests were performed on all samples using Al balls. The degree of Al transferred to the insert was determined using optical microscope. The slightly lighter areas in Figure 8 correspond to a transfer layer of Al within the wear track. Comparing to other samples large amount of Al transferred to the insert can be found on sample a for a lower loads (<50 N). This can be attributed to a high content of soft MoS 2 in this coating, as a consequence the coating debris accumulating in front of the ball becomes entrapped and serves as a self-lubricating layer at higher loads. There was little or no Al transferred observed for sample b over the entire range of loads, and the Al transferred from the ball is present in the form of small discontinuous "clumps". These observations support the findings that the composition of the sample b is the optimum to prevent Al sticking during Al-alloy machining. Compare and contrast this with samples d and e containing a high amount of Ti, where a large amount of Al can be found for both compositions, proving poor protection against Al sticking of Ti. 
Conclusions
A hybrid filtered vacuum cathodic arc-magnetron sputtering system was successfully used to deposit composite Ti-MoS2 on five TiB2-coated milling inserts with Ti contents ranging from 5 to 97 at. %, which varied according to the distance from both Ti and MoS2 sources. Tool inserts placed close to Ti source produced at. % Ti higher to those placed close to MoS2 that had mixture of Ti and MoS2 contents. Ion current measurements revealed that FCVA dominated the deposition rate though the plasma expansion towards the chamber walls. Interactions between neutrals from MS and ions from FCVA led to the lowest ion current being measured on the sample placed equidistant from both Ti and MoS2 sources. There is a correlation between the changes measured in the ion current during deposition and variations in thickness, which increased with increasing titanium content. The roughness increased with increasing proximity to FCVA source due in part to the influence of unfiltered macroparticles during deposition, correlating with large variations ion currents measured on samples placed the closest to the Ti source. Combinatorial deposition of Ti with MoS2 led to reduced frictional properties of inserts with Ti:MoS2 ratios between 0.05 and 3. Ball-on-flat frictional tests, EDX mapping and aluminium alloy face milling machining tests indicated that a coating with around 28 at. % of Ti had the lowest friction coefficient 0.07 for loads between 40 and 100 N. This particular composition successfully prevented aluminium sticking to the rake of the tool after cutting at a length of 3.6 m. This result was confirmed after ball on flat frictional test with aluminium ball for 20 N load, as only a little Al was found to be adherent to the scratch. XPS studies revealed greater sticking of Al on the rake face with different Ti:MoS2 ratios, and is likely caused by the formation of slightly higher amounts of non-protective Ti-O phase. Overall, this study demonstrates the potential of combinatorial deposition for rapid development of hard lubricant coatings. 
A hybrid filtered vacuum cathodic arc-magnetron sputtering system was successfully used to deposit composite Ti-MoS 2 on five TiB 2 -coated milling inserts with Ti contents ranging from 5 to 97 at. %, which varied according to the distance from both Ti and MoS 2 sources. Tool inserts placed close to Ti source produced at. % Ti higher to those placed close to MoS 2 that had mixture of Ti and MoS 2 contents. Ion current measurements revealed that FCVA dominated the deposition rate though the plasma expansion towards the chamber walls. Interactions between neutrals from MS and ions from FCVA led to the lowest ion current being measured on the sample placed equidistant from both Ti and MoS 2 sources. There is a correlation between the changes measured in the ion current during deposition and variations in thickness, which increased with increasing titanium content. The roughness increased with increasing proximity to FCVA source due in part to the influence of unfiltered macroparticles during deposition, correlating with large variations ion currents measured on samples placed the closest to the Ti source. Combinatorial deposition of Ti with MoS 2 led to reduced frictional properties of inserts with Ti:MoS 2 ratios between 0.05 and 3. Ball-on-flat frictional tests, EDX mapping and aluminium alloy face milling machining tests indicated that a coating with around 28 at. % of Ti had the lowest friction coefficient 0.07 for loads between 40 and 100 N. This particular composition successfully prevented aluminium sticking to the rake of the tool after cutting at a length of 3.6 m. This result was confirmed after ball on flat frictional test with aluminium ball for 20 N load, as only a little Al was found to be adherent to the scratch. XPS studies revealed greater sticking of Al on the rake face with different Ti:MoS 2 ratios, and is likely caused by the formation of slightly higher amounts of non-protective Ti-O phase. Overall, this study demonstrates the potential of combinatorial deposition for rapid development of hard lubricant coatings.
